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During visual search, the working memory (WM) representation of the search target guides attention to matching items in the visual
scene. However, we can holdmultiple items inWM.Do all these items guide attention at the same time? Using a new functionalmagnetic
resonance imagingvisual searchparadigm,we found that items inWMcanattain twodifferent states that influenceactivity in extrastriate
visual cortex in opposite directions: whereas the target item in WM enhanced processing of matching visual input, other “accessory”
items inmemory suppressed activity. These results imply that the representation of task-relevant and (currently) task-irrelevant repre-
sentations inWMdiffers, revealing new insights into the organization of human visualWM. The suppressive influence of irrelevantWM
items may complement the attention-guiding influence of task-relevant WM items, helping us to focus on task-relevant information
without getting distracted by irrelevant memory content.
Introduction
When you search for an item, youmaintain a representation of it
inworkingmemory (WM),which acts as a “search template” that
guides attention and to which objects in the visual scene are
matched (Duncan and Humphreys, 1989; Desimone and Dun-
can, 1995).We can store up to four items inWM (Cowan, 2001).
Next to the target for current search, we can also store items in
WM that only become relevant later. If all WM items have a
similar status, attention would not only be guided to objects
matching the search template, but also to objects matching task-
irrelevant information in WM. Attentional guidance by these
“accessory” memory items (MIs) would hamper task perfor-
mance, as attention would be misdirected to distractors. A num-
ber of psychophysical studies (Houtkamp and Roelfsema, 2006;
Olivers, 2009) showed that attentional guidance by task-relevant
items ismuch stronger than that of accessoryMIs, suggesting that
they have a privileged status in WM (Olivers et al., 2011 for re-
view). Such differential activation states of items inWM(Cowan,
1988; Oberauer, 2002, 2003) have also been observed in various
WM paradigms (Lepsien and Nobre, 2007; Soto et al., 2007; Nee
and Jonides, 2008; Kuo et al., 2009; Lewis-Peacock and Postle,
2012). In search tasks, the template could be in a more activated
state so that it can exert a top-down, attentional influence on
the visual representations, whereas the accessory items could
be maintained in a dormant state that causes relatively little
interference.
The neural underpinnings of these different WM states and
how they influence visual processing are not well understood.
The search template appears to bias competition between visual
inputs towardmatching items (Desimone and Duncan, 1995), as
suggested by enhanced baseline activity of visual neurons tuned
to process the target object (Chelazzi et al., 1993, 1998). This bias
may cause a competitive advantage of these neurons over neu-
rons processing different objects, resulting in enhanced neuronal
responses to targets compared with responses evoked by distrac-
tors (Miller and Desimone, 1994). But little is known about the
representation of the accessoryMI.How is its interference during
search tasks prevented? In principle, interference might be
avoided by storing the accessory MIs in a more structural form
that does not rely on persistent neuronal activity (resembling
long-term memory; Mongillo et al., 2008), although there is also
evidence that they are stored as persistent activity of different
neurons or in different brain areas (for review, see Olivers et al.,
2011).
In the present functional magnetic resonance imaging (fMRI)
study, we compared the representation of the search template
and accessory MIs using a “memory-loaded temporal search
task” (Peters et al., 2009). Participants searched for a house or
face stimulus (search target; ST), whilemaintaining an additional
house or face (memory item;MI) inWM for a second search task
(Fig. 1A). We found that task-relevant memory representations
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activate object-selective visual areas, whereas accessory WM
items suppress activity in these regions.
Materials andMethods
Materials
Eighteen grayscale photographs (4.5  4.5°) of houses and 18 grayscale
front-view photographs of Caucasian faces (half males) were used as
stimuli (Kanwisher et al., 1997). The photographs were equal in lumi-
nance and unfamiliar to the participant. To create stimuli for the search
stream, each individual face photographwas semitransparently superim-
posed on each individual house photograph, resulting in 324 superim-
posed face-house images that could be presented in the search streams.
House and face stimuli were superimposed rather than presented in two
separate search streams to avoid potential confounding effects of eye
movements or spatial attention shifts between items. Moreover, since
house and face stimuli were presented at the same location, MIs had a
maximal opportunity to interfere. The relative weighting between the
face (75%) and the house (25%) photograph (i.e., houses were three
times as transparent as faces) was based on a behavioral pilot experiment
(n 10), to equalize task difficulty between the house detection and face
detection task.
Task design
Figure 1A illustrates the design of the experiment that required subjects
to perform a sequence of two search tasks on every trial. Each trial con-
sisted of three phases (Fig. 1). In the encoding phase (Fig. 1a1), we pre-
sented two randomly chosen faces, houses, or a face and a house (1.9 s
each with 100 ms in between). After 100 ms, a number (“1” or “2“)
appeared (for 2 s) cueing the subjects that the first (50% of trials) or
second object (the other 50%) was the ST for the first search (ST1), so
that the other object was an accessory MI that had to be remembered for
the second search task in which it would function as an ST. The cue
followed the presentation of both objects to avoid potential differences in
encoding strategies for targets of the first and second task. After a variable
cue delay (4 2 s), a search stream of 15 images (500 ms each; 7500 ms
in total) was presented (Fig. 1a2, first search). Participants were in-
structed to search the ST throughout the entire stream and respond as
quickly as possible with the right index finger when they detected the
target. Half a second after the search streamwas finished, a second cue (a
1 if the first cue was 2 and vice versa) appeared, signaling that in the
second search stream the MI would become the new target (i.e., MI1
changed into ST2), whereas the ST should further be ignored (i.e., ST1
changed into MI2). Following a variable cue delay (4  2 s), a second
search stream was presented having similar characteristics as the first
search stream (Fig. 1a3, second search), but subjects now had to search
for the new ST (i.e., MI1 which is now ST2) and press the button as soon
as they detected it. A small fixation cross was presented in the interval
between trials (ITI; 6.5 2 s). Each time interval of the cue delays and ITI
occurred equally often for each search type.
Importantly, in both searches, the target (i.e., ST1 in search 1 and ST2
in search 2) and the irrelevant accessory item inWM (i.e., MI1 in search
1 and MI2 in search 2) could occur among regular distractors. More
specifically, both search streams consisted of a sequence of 13 randomly
chosen distractors (i.e., images that never contained the ST or MI) and
two “stimuli-of-interest” (SOI). Each SOI image contained one attribute
(e.g., the face) that was of interest in our analyses, whereas the other
attribute (e.g., the house) of this image was a random distractor. The
Figure 1. Design and behavioral performance. A, Trial phases. a1, Encoding phase: encoding of the two objects. a2, Search 1: the cue (a “1” or a “2”) indicated which object had to be searched
in the subsequently presented first search stream (with 1 and 2 referring to the first and second presented object, respectively). Thus in this example, object number 2, the house, had to be searched
(i.e., the house is the “ST” for search 1; “ST1”). The other object (the face) had to be held in memory for the second search (i.e., the face is the “memory item” for search 1; “MI1”). a3, Search 2: the
second cue (a “1” if the first cuewas “2” and vice versa) appeared, signaling that in the second search stream,MI1 (in this example, object 1, the face) would become the new target (ST2) while ST1
(the house) becomes theMI (MI2) and thus should further be ignored (smaller scale for graphical representation purposes only). Thus, ST1 is identical to MI2, whereas MI1 is identical to ST2. In the
search stream, the ST or the MI appeared among regular distractors (D), and the subject’s task was to respond to STs only. In this example, MI1 is shown in search 1 (see inset) but not ST1, so the
subject should not respond. In the second stream, the face (previously MI1, now labeled as ST2) is shown again (see inset). Since the face is the ST in the second stream, the subject now should
respond. All stimuli were presented on a homogenous gray background.B, Correct and erroneous responses for the different stimulus classes in search stream 1 and 2. Note that the percentages of
false alarms did not differ between conditions, indicating that MIs were treated as regular distractors.
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following combinations of SOIs could appear in a search stream: (1) the
ST and MI, (2) the ST and a distractor, (3) the MI and a distractor, and
(4) two distractors. Note that these prespecified distractors had the same
qualities as the 13 other distractors in the stream, but were selected for
further analysis to have an equal number of events (and temporal spac-
ing) for the different SOIs. House and face images were never repeated
within a stream. To optimize deconvolution analyses, the onset of the
SOI presentation was synchronized to the onset of a volume measure-
ment, with the constraint that the SOI never occurred as the first stimulus
of the search stream. The interval between SOIs presented in a search
stream was jittered (2 or 4 s).
The design was carefully balanced. Each combination of search types
(i.e., two face search tasks, two house search tasks, first a face and then a
house search task, or vice versa) was presented an equal number of times.
Within each of these search combinations, the number of occurrences of
the ST and MI in the stream were identical. The four SOI combinations
occurred equally often, just like the combinations of SOIs presented in
the first and second stream of one trial. Order of trials, order of cues,
jittering of cue-delay and ITIs, selection of distractor stimuli in the search
stream, and the position of the SOIs in the search stream all followed a
randomization scheme in which all possibilities occurred equally often
across trials.
Image acquisition
Echo-planar images (T2*-weighted; 64  64 imaging matrix, 28 slices,
voxel size: 3.5 3.5 3.5 mm3, no gap, TR/TE 2 s/35 ms, FA 90°)
covering almost the whole brain were collected on a 3 T Siemens Scanner
(Siemens Medical Systems) using a standard head coil. Functional data
were aligned to a T1-weighted high-resolution anatomical image
(magnetization-prepared rapid acquisition gradient echo sequence; TR/
TE 2.3 s/3.93ms, FA 8°). Subjects viewed the stimuli, projected onto
a frosted screen using a liquid crystal display projector (VPL-PX21;
Sony), via amirrormounted to the head coil. Stimuli were presented and
responses were recorded using the Presentation software package (Neu-
robehavioral Systems). Stimulus presentation was synchronized with
MR data acquisition.
Each of the nine healthy volunteers (five males; mean age 26.8  2.7
years) performed two runs of the experiment (1230 volumes in total).
Before the fMRI measurement, participants were familiarized with the
stimuli and task. They were instructed to fixate on the fixation cross and
to respond as fast and accurately as possible when they detected the
target. A functional localizer of house- and face-preferring brain regions
(160 volumes) was included in the scanning session, using a standard
design inwhich blocks of rapid serially presented face photographs (three
blocks) and house photographs (three blocks) were alternated with fixa-
tion blocks. All procedures were approved by the ethics committee of the
Faculty of Psychology and Neuroscience of Maastricht University.
Data analysis
Behavioral data. For each occurrence of a ST, MI, and regular distractor
(D) in the stream, we detected whether a response was given in a 2 SD
interval around the subject’s mean reaction time to the STs. Responses
within this interval were counted as false alarmswhen the itemwas anMI
or D, and as hits when it was a ST. In contrast, the lack of responses
occurring within this interval were considered correct rejections for MIs
or Ds, whereas they were counted as misses in case of an ST. Reaction
times of correct responses were submitted to a two-way repeated
ANOVA with stream (first, second search stream) and search category
(face search, house search) as factors. In addition, accuracies were ana-
lyzed by applying a three-way repeated-measures ANOVA with stream
(first, second search stream), search category (face search, house search),
and search item type (ST, MI, and D) as factors. Greenhouse–Geisser
corrected p values are reported for tests in which the sphericity assump-
tion was violated (according to Mauchly’s test of sphericity).
fMRI data. Preprocessing of the individual datasets included slice scan
time correction; linear trend removal; temporal highpass filtering; 3D
motion correction; transformation into Talairach space (Talairach and
Tournoux, 1988); and cortex reconstruction, inflation, and flattening as
implemented in the BrainVoyager QX software package (Brain Inno-
vation). The first two volumes of each run were discarded to remove
T1 saturation effects. No spatial smoothing was applied to the func-
tional data, which were interpolated to a 3 3 3 mm3 voxel target
resolution.
Whole-brain as well as volume-of-interest (VOI) random effects
(RFX) analyses were performed to investigate (1) sustainedmodulations
throughout search and (2) transient modulations when specific items in
the search stream were encountered. Sustained neural modulation
throughout search was analyzed with a two-way RFX ANOVA with cat-
egory of ST (search Face, search House) and category of MI (memory
Face, memory House) as factors. Correspondingly, the design matrix for
sustained analyses included eight predictors modeling the target encod-
ing (face, house), cue delay (prepare for face or house search), and pre-
sentation of search stream 1 (face and house searchwith face or houseMI
held on-line for next search). In this first analysis series, only search 1was
of interest. Therefore, the different types of search 2 were modeled with
one predictor. In the second analysis series, we used an identical design
matrix, but with search stream 2 split for the four different types, whereas
search stream 1 was modeled with a single predictor. Furthermore, only
search periods before target encounter were included in these analyses,
because participants might have stopped searching after detecting a tar-
get. A separate predictor modeled the remainder of the stream period
after a behavioral response was recorded. Each predictor’s boxcar func-
tion was convolved with a standard two gamma hemodynamic response
function. In addition to the univariate ANOVA, we performed a multi-
voxel pattern analysis to study differences between house and face acces-
sory MIs with higher sensitivity. In the performed searchlight analysis
(Kriegeskorte et al., 2006; BrainVoyager QX v. 2.4), a spherical aperture
with a radius of 6 mm was placed at each voxel of the whole brain to
detect local multivariate differences within the aperture by measuring
activation pattern distances from the first search stream in which a face
versus house MI was maintained.
To study transient modulations elicited by the ST, MI, and D in the
search stream, we performed deconvolution analyses, which minimize
the interference between responses to temporally adjacent events
(Glover, 1999). Each event was incorporated in the transient analyses
designmatrix with six delta-function predictors,modeling each of the six
time points of the elicited hemodynamic response independently
(Glover, 1999). Two events represented the target encoding and the cue
period (face and house searches were combined). In the first analysis
series SOIs in the first search stream were modeled, whereas SOIs in the
second search stream were modeled in the second analysis series. These
SOIs were represented by one of the 12 “SOI events,” modeling the ST,
MI, and a (prespecified) D, for the four combinations of face/house ST
andMI. SOIs to which an incorrect response was given by the participant
were not included in an SOI predictor. Likewise, SOIs presented after the
participant’s response to a search stream stimulus were also not included
in one of the SOI events to ensure that the potential attentional capture of
MIs was not overlooked in the event-related averages by including re-
sponses to MIs that were possibly no longer attended. All search stream
periods that were not included in one of the SOI events were included in
one “non-SOI” predictor. To optimize the estimation of responses to the
SOIs, this non-SOI event was used as baseline instead of the ITI.
The peaks of the parahippocampal place area (PPA) and fusiform face
area (FFA) responses (see below) during house and face search, respec-
tively, were submitted to a two-way RFX ANOVA with category of MI
(memory Face, memory House) and encountered item type (ST, MI, D)
as factors. One subject who did not show any identifiable transient re-
sponses during the second search, in combination with a low hit rate for
that search (60%) was excluded from the analysis of transient re-
sponses in the second search.
VOI analyses were confined to the face-preferring FFA (Kanwisher et
al., 1997) and house-preferring PPA (Epstein and Kanwisher, 1998),
whichwere identified for each participant using an independent localizer
run and standard mapping methods. The left FFA was excluded from
further analyses, because (following the right lateralization of face pro-
cessing; Cabeza and Nyberg, 1997) we could not define a significant
face-specific region in the left fusiform gyrus for all participants. Further-
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more, PPA activity was combined across hemispheres, because left and
right PPA effects did not differ.
Results
Behavioral results
Themean reaction time (RT) to STs averaged across the first and
second stream was 676 ms (11 ms SE). The RT did not differ
between house (661 10 ms) and face search (691 20 ms; p
0.2), it also did not differ between the first (671  16 ms) and
second search stream (682  10 ms; p  0.4), and these two
factors did not interact (p 0.4).
Similar to RT, accuracy was not influenced by search category
(p  0.1), suggesting that the differential transparency between
house and face images was an effective manipulation to equalize
task difficulty. Accuracy was higher for the first (92.4%2.2%)
compared with the second (89.5% 2.1%) search stream (F(1,8)
 5.8; p 0.05). Furthermore, there was a main effect of search
item type (F(1,8)  25.9; p  0.001). There were no interactions
between factors (all p  0.09), except for search item type and
stream number, which tended to interact (F(2,16) 4.3 p 0.06).
Therefore, post hoc tests on the different item types were per-
formed for the first and second search separately: the percentage
of hits (STs) was lower than the percentage of correct rejections
(Ds) in the first (t(8) 4.1; p 0.003) as well as in the second (t(8)
 5.2; p  0.001) stream. More importantly, during the first
stream, the rate of correct rejections of MI1s (97.6 2.1%) and
distractors (98.6  0.8%) in the first search did not differ (p 
0.4). Likewise, when MI2 appeared as a distractor in the second
search, it did not elicit more false alarms than Ds (correct rejec-
tion rate 97.9  1.2% and 97.6  0.9%, respectively; p  0.8).
Thus, the MI had a different state in WM than the ST because
items in the stream that matched the MI were treated as Ds.
Together, these results indicate that the subjects memorized
both the ST as well as the MI, but did not confuse them, even
though the ST andMI switched roles in between the first and the
second search (i.e., ST13MI2 and MI13 ST2).
fMRI Results
Sustained modulations throughout search
We next investigated the effect of maintaining STs and MIs on
activity in object-selective visual cortex. Specifically, we analyzed
sustained activity changes during search stream 1 in the FFA and
PPA, which were identified for each participant using an inde-
pendent localizer run (Fig. 2A). Throughout visual search, the
search template induced sustained enhanced activity in the
higher visual area specialized for processing the category of
the target: activity in the PPAwas enhanced for a house compared
with a face ST1 (F(1,8)  64.8, p  0.00005), whereas activity in
the FFA showed the opposite pattern (F(1,8)  150.2, p 
0.000002; Fig. 2B, compare blue-tinted vs red-tinted bars). In
marked contrast, the MI representation in WM exerted a sup-
pressive influence on ongoing activity: PPA activity was de-
creased for a house compared with a face MI1 (F(1,8) 15.9, p
0.005). Likewise, a face MI1 suppressed FFA activity compared
with when a house needed to be remembered for the next task
(F(1,8) 12.6, p 0.01; Fig. 2B, compare the difference between
the light and dark bars of the same color). No interaction between
Figure2. Sustained responses throughout search.A, Probabilisticmap of FFA and PPA location computed based on the independent localizer results of each subject. Themap is superimposed on
a coronal slice of a participant’s brain, showing the posterior PPA and anterior FFA. B, Average PPA and FFA responses during the first face and house search as a function of MI category. Error bars
in this and all subsequent figures indicate SEM after a normalization procedure in which the grand mean across subjects and conditions was first subtracted from each subject’s ownmeans across
conditions, and subsequently this resulting valuewas subtracted from the subject-specificmeans per condition (Loftus andMasson, 1994). Results indicate that the ST (ST1 influence; blue-tinted vs
red-tinted bars) and theMI (MI1 influence; light vs dark blue bars and orange vs red bars) have opposite influences on ongoing activity during search.mF, faceMI; mH, houseMI. *p 0.01; **p
0.005; ***p 0.00005; ****p 0.000005.
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influences of the search template and MI was observed in these
areas (all p 0.1).
We also performed a multivoxel searchlight analysis to ex-
plore whether there were differential activity patterns for main-
taining a face comparedwith houseMI during search, beyond the
ones we could detect with univariate methods. Distinct activity
patterns for face versus house MI conditions (p  0.05) were
among others observed in bilateral dorsolateral frontal cortex,
higher visual areas, and basal ganglia (Table 1; only clusters with
300 voxels are reported).
Transient responses to items in the search stream
What happens when the target or MI is encountered during
search? Figure 3A shows the extended target detection network
that was activated when ST1 was encountered in the search
stream. Activations were found in visual areas, as well as in the
frontal cortex (e.g., putative location of right frontal eye field
[Blanke et al., 2000]), the anterior insula, and in parietal regions
(see Table 2 for details). Additional activations were revealed in
cerebellar and subcortical (mainly thalamic) structures (data not
shown). Finally, activations related to button presses were re-
vealed in the left (post) central sulcus and the (pre-) supplemen-
tal motor area (Picard and Strick, 2001). In stark contrast, not a
single voxel showed a significant increase in activity when MI1
was encountered.
In addition, FFA and PPA responses to individual items in
the (respectively, face and house) search stream were submit-
ted to a two-way RFX ANOVA with MI category (house, face)
and search item type (ST1, MI1, and D1) as factors. In accor-
dance to the sustained effects, transient PPA responses were
suppressed if a house compared with a faceMI was maintained
in WM (F(1,8)  11.1, p  0.01). The corresponding effect in
FFA did not reach significance (p  0.1). In addition, there
was a main effect of search item type in PPA (F(3,24) 5.2, p
0.02) and FFA (F(3,24)  14.1, p  0.0005) and there was no
interaction between the MI category and search item type in
FFA or PPA (p 0.1). Further post hoc RFX contrasts between
ST1, MI1, and distractor (D1) responses revealed that targets,
but not MIs, induced enhancements (Fig. 3B): the PPA re-
sponded stronger to house ST1s than distractors in the search
stream (t(8) 3.2; p 0.02). A similar enhanced response was
observed for face ST1s in the FFA (t(6)  3.3; p  0.02). In
stark contrast, the MI1s did not induce such a match enhance-
ment (Fig. 3B), in line with the whole-brain analysis. That is,
neural responses to MI1s in the search stream did not differ
Table 1. Talairach coordinates (in mm) of the center of gravity and the size (in number of voxels) of clusters showing different activation patterns when a face versus house
memory itemwasmaintained during the first search stream as revealed by the searchlight analysis (p< 0.05; only clusters withmore than 300 voxels are reported)
Area
Left hemisphere
Area
Right hemisphere
x y z Size x y z Size
MFG 36 33 24 1066 MFG 34 53 3 702
IFG/INS 43 14 0 396 IFG/INS 40 25 1 405
IFG/PCG 55 3 9 326 IFG/PCG 55 0 14 1164
MOG/FG 45 69 3 380 STG 48 54 7 978
MOG 28 78 14 2000 LG 21 70 10 452
PHG/FG 27 57 8 813 PHG/FG 24 45 10 623
CU 8 75 11 996 CU 7 71 11 1691
CB 11 3 11 4360 CB 7 7 6 394
Putamen 23 18 3 720
CB, Caudate body; CU, cuneus; FG, fusiform gyrus; IFG, inferior frontal gyrus; INS, insular cortex; LG, lingual gyrus; MFG, middle frontal gyrus; MOG, middle occipital gyrus; PCG, precentral gyrus; PHG, parahippocampal gyrus; STG, superior
temporal gyrus.
Figure 3. Transient responses to individual items in search stream 1. A, Target detection network. Cortical network involved in target identification projected on the unfolded (upper) and
flattened (lower) representation of a participant’s gray–white matter boundary surface (LH, left hemisphere; RH, right hemisphere; dark gray, concave cortical surface folding; light gray, convex
cortical surface folding). Colored areas show a stronger activation in response to STs compared with distractors in the first search stream, as identified by contrasting house and face targets with
regular house and face distractors ( p (uncorr) 0.005; min. cluster size 25 mm2). For a similar comparison between MIs and distractors, not a single vertex showed a significant activation
difference. See Table 1 for further details on the activated brain regions. B, Mean peak amplitudes (at 4 s poststimulus onset) of deconvolved hemodynamic responses in PPAwhen the target (ST),
MI, or a Dwas encountered in the first house search stream (left bars), and the corresponding FFA responses for items in the face search stream (right bars). Note that the responses to STs (ST1) but
not to MIs (MI1) differ from responses to regular distracters (D1). *p 0.02.
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from regular distractors in PPA (p  0.7) or FFA (p  0.9).
Further tests showed that this was the case for all four types of
MIs (i.e., FFA and PPA responses to face or house MI1 during
face or house search did not differ from those evoked by reg-
ular distractors). In sum, we did not observe match enhance-
ment for input matching the MI, regardless of whether the MI
belonged to the same or to a different category as the ST.
Search stream 2: sustained and transient responses
During the second search stream subjects had to stop search-
ing for ST1, and start searching for the stimulus that had
previously been MI1 which now became the target of the sec-
ond search (i.e., MI1 turned into ST2). Although the main
focus of this paper is on neural processes during search 1, we
performed similar analyses on stream 2. Behavioral results
(Fig. 1B) showed that subjects correctly updated the search
template from ST1 to ST2 in the second search. This indicates
that the status of items in WM can be rapidly changed in
accordance with changing task demands.
This change in status of the ST and MI was reflected by the
patterns of neural activity. RFX analyses on sustained responses
during search stream 2 showed that activations elicited by ST2
and MI2 were highly similar to ST1 and MI1 in the first search
(compare Figs. 2, 4), respectively. A house ST2 enhanced activity
in PPA (F(1,8) 82.9, p 0.00002), whereas a face ST2 enhanced
FFA activity (F(1,8) 70.0, p 0.00005). Moreover, a houseMI2
decreased PPA activity (F(1,8)  15.0, p  0.005), although the
same comparison in FFA failed to reach significance (p  0.1).
Finally, similar to search 1, no interaction between influences of
the search template andMI was observed in any of the areas (p
0.4). In sum, similar to search 1, the ST induced sustained en-
hancements (in FFA and PPA), whereas MIs caused suppression
(in PPA) throughout search 2.
The observed transient modulations during search 2 further
confirmed that ST2 andMI2 behaved similarly to ST1 andMI1 in
search 1 (even though ST2 is the same stimulus as MI1, and MI2
is ST1).Whole-brain voxelwise regression analysis revealed a net-
work for new targets (ST2s) compared with distractors resem-
bling the target detection network observed for search 1.
Contrasting the newMIs (MI2s) toDs, on the other hand, did not
show a comparable match detection network. In contrast to
search 1, however, we did observe some small patches responding
stronger to MI2, which were mainly located in prefrontal areas
(patches  10 mm2: left middle frontal gyrus x  39, y  10,
z  45 Talairach coordinates, 12 mm2; right middle temporal
gyrus x 60, y10, z7, 15 mm2).
Finally, we performed two-way RFX ANOVAs on transient
PPA and FFA responses with category of MI and search item
type as factors. PPA responses were influenced by item type
(F(1,7) 7.8, p 0.005). Post hoc RFX tests revealed enhanced
processing of items matching the new search template (ST2)
compared with Ds (t(7)  3.5; p  0.02). In contrast, MI2 did
not differ from other distractors (p 0.6). The main effect for
MI category (unlike the sustained response) did not reach
significance (p 0.1) in the RFX analysis. However, suppres-
sion by the house MI2 (25.7% lower -weights compared with
face MI2) was significant in a fixed-effects analysis (t(7) 2.1;
p 0.05). FFA activity showed a pattern corresponding to the
activity in PPA: FFA responses tended to be higher when ST2
compared with a distractor was encountered in the stream (t
2.0; p  0.1). In contrast, responses to MI2 were similar to
responses to Ds (p  0.3). The suppression by the face MI2
(29.1% lower -weights compared with house MI2) did not
reach significance (p  0.2). Finally, in accordance with all
previous analyses, there was no interaction between MI cate-
gory and stream item type (p  0.4).
Discussion
The present study provides new insights into the organization of
WM, and the influence of its contents on attentional processing.
The results show that items in memory can attain (at least) two
different states, with opposing influences on processing in
category-selective visual cortex: Task-relevant items inWM, such
as the ST representation, enhance activity in higher visual areas.
In marked contrast, items in WM that are irrelevant for the cur-
rent task exert suppressive influences on higher visual areas.
These complementary effects provide a solid basis for efficient
search: The representation of the search template in visual cortex
Table 2. Talairach coordinates (in mm) of the center of gravity and the size (in number of voxels) of clusters (with size>400 voxels) activated in the RFX group analysis,
identified by contrasting house and face targets with house and face distractors (see Figure 3 legend for details)
Area
Left hemisphere
Area
Right hemisphere
x y z Size x y z Size
CU/LG 11 69 43 1867 CU/LG 11 72 30 533
IPS 32 58 45 440 IPS 41 35 40 1099
aCINGS 2 0 43 2030 aCINGS 6 1 49 776
MOG 12 87 12 599 MFG (FEF) 49 9 32 420
FG 31 45 23 481 FG 25 51 17 753
CS 39 28 51 9069
Additionally activated subcortical and cerebellar clusters are not listed. aCINGS, anterior cingulate sulcus (corresponding to the putative location of the pre-supplementarymotor area); CS, Central sulcus; CU, cuneus; FG, fusiformgyrus; IPS,
intraparietal sulcus; LG, lingual gyrus; MFG, middle frontal gyrus (activation cluster at the junction of the pMFG and the precentral gyrus corresponding to the putative location of the frontal eye field; FEF); MOG, middle occipital gyrus.
Figure 4. Sustained activity during search 2. Sustained responses throughout search 2 showen-
hancementsforST2(whichwasMI1instream1)anddecreasesforMI2(ST1instream1)incorrespond-
ing areas. The similar pattern of enhancement and suppression in search 1 (Fig. 2) and search 2 (this
figure) indicates that one and the same representation inWM(e.g., the face in Fig. 1,which is theMI
insearch1andtheSTinsearch2)canreverseits influenceonvisualprocessingwhenitsstatuschanges
from accessory MI (MI1) to search template (ST2), or the other way around (i.e., from ST1 to MI2).
**p 0.005; ***p 0.00005. Conventions similar to Figure 2.
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is enhanced, providing a competitive advantage for matching
input (i.e., targets) to be selected for further processing. In paral-
lel, the representation of the currently irrelevantmemory content
is suppressed, which can help to avoid the erroneous selection of
irrelevant input.
Searching a target was associated with a sustained enhance-
ment of activity in visual areas specialized in processing the target
object category. Face search robustly increased FFA activity
throughout search, whereas house search enhanced processing in
the PPA. These modulations could not be stimulus driven, since
stimulus input did not differ between conditions. Rather, top-
down signals conveying information about the ST appear to drive
the enhanced processing of the attribute of the superimposed
images that corresponds to the target’s category (Fuster et al.,
1985; Rainer et al., 1999; Freedman et al., 2001). Such sustained
object-based attentional modulations in specialized visual areas
are consistentwith previous fMRI findings (O’Craven et al., 1999;
Serences et al., 2004). Task-relevant items in WM were thus
strongly represented in visual areas throughout search. More-
over, transient increases in activation were observed when input
that matched the ST was encountered. This selective processing
of the search template agrees with predictions of the biased com-
petition model (Desimone and Duncan 1995). Neurophysiolog-
ical recordings suggest that frontal areas indeed bias activity in
visual cortex to increase the activity of neurons representing
the target object, thereby guiding attention to matching items
in the visual display (Chelazzi et al., 1993, 1998; Bichot et al.,
2005). This enhanced activity state presets neurons to quickly
and effectively select matching input for further attentive pro-
cessing, as reflected at the neuronal level by a transient “match
enhancement” (Miller and Desimone, 1994). In addition to
these enhancements in visual cortex, an extended frontopari-
etal network showed increased activity upon target detection,
in accordance with previous studies (Jiang et al., 2000; Druzgal
and D’Esposito, 2001). This network included the frontal eye
field and intraparietal sulcus (Jiang et al., 2000) and over-
lapped with the dorsal frontoparietal network engaged in goal-
directed deployment of attention (Corbetta and Shulman,
2002). In contrast, visual items matching the MI did not cause
match enhancements and did not activate this target-
detection network.
It is clear that the neural signatures of task-relevant and task-
irrelevant WM representations differ. Whereas the task-relevant
WM item increased sustained activity in category-selective visual
cortex, the “accessory” WM item, merely stored for later use,
suppressed activity in the same regions. That is, activity in the
PPAwas reducedwhen a house (comparedwith a face)wasmain-
tained inWM for a subsequent search. In the FFA, a similar effect
was found when a face had to be held on-line. In both areas, this
suppressive effect existed, regardless of whether the search tem-
plate was a house or a face. In accordance with these results,
recent fMRI findings showed that attentional processing of non-
relevant information is suppressed (Polk et al., 2008), especially if
this information should not be encoded in WM (Gazzaley et al.,
2005). This suppressive influence of irrelevant WM items might
be beneficial. Suppressing activity of neurons that represent the
task-irrelevant WM item presumably prevents the detection of
visual input that matches with the accessory item, thereby in-
creasing search efficiency. Accordingly, we did not observe neural
enhancements for objects matching the accessoryWM item, sug-
gesting that this potentially interfering input is not attentively
processed. Given the limited detection power of fMRI deconvo-
lution analyses, this null effect should be interpreted with cau-
tion. However, our results agree with a previous event-related
brain potential study in which we compared neural processing of
MIs and Ds in a search stream with millisecond resolution across
many trials, and did not observe differences between the two in
any of the processing stages (Peters et al., 2009).
The suppression by accessory MIs might be related to other
processes such as visual marking (Watson et al., 2003) and di-
mension weighting (Found andMu¨ller, 1996), processes that en-
able us to improve search efficiency by ignoring specific
distractors. Of special interest is the observation by Woodman
and Luck (2007) that irrelevant items inWMcan serve as a ‘‘tem-
plate for rejection,” repelling attention from matching items in
the display and facilitating search.More generally, the presence of
items of a specific category inWMreduces the interference of this
category on another task (Kim et al., 2005; Lavie et al., 2005; Park
et al., 2007), a finding that is in accordance with such a template
for rejection and also with the decrease of activity in category-
specific visual cortex.
Interestingly, we also found that the former target, MI2,
caused sustained suppression of activity during the second
search, perhaps because it could not be immediately released
from WM (Oberauer, 2001). The previous search for this item
might have “refreshed” theWMrepresentation ofMI2, requiring
a stronger inhibition to repel attention from MI2 if presented in
search 2. This might explain the increased prefrontal activity
when MI2 was indeed encountered during search 2.
Our study was not designed to elucidate where and how the
search template and accessory MIs are stored. Our finding of
sustained activity in object-selective cortex is compatible with
recent theories suggesting that WM storage does not solely rely
on prefrontal cortex, but that it also involves representations in
higher visual areas (Pasternak and Greenlee, 2005; Ranganath
and D’Esposito, 2005; Postle, 2006; Lewis-Peacock and Postle,
2008;Nee and Jonides, 2008;Woloszyn and Sheinberg, 2009) and
even early visual cortex (Harrison and Tong, 2009). However,
previous studies suggest that the prefrontal cortex plays a pivotal
role in partitioning task-relevant and accessory information in
WM (Soto and Humphreys, 2006; Warden and Miller, 2007,
2010). In these prefrontal areas MIs might be stored in an “or-
thogonal” code that does not interferewith another task (Sigala et
al., 2008; Panzeri et al., 2010; Fell and Axmacher, 2011). We
cannot exclude the possibility that these items are stored in a
structural form composed of synaptic traces (Mongillo et al.,
2008; Sugase-Miyamoto et al., 2008; Lewis-Peacock et al., 2012),
which has properties in common with long-term memory.
However, single-cell recordings revealed that the persistent
firing of neurons in prefrontal cortex codes for the identity of
an item that is stored for later use. Furthermore, our search-
light analysis revealed category-selective activation patterns in
dorsolateral prefrontal cortical areas, which is in line with the
hypothesis that the accessory MIs are stored as persistent ac-
tivity in WM.
The accessory MI might be “forced” into its specific state by
the presence of the search template (Olivers et al., 2011). Studies
that used a “varied mapping” design (Schneider and Shiffrin,
1977) requiring a new search template on every trial, observed no
attentional capture by MIs in the search array (Downing and
Dodds, 2004). In contrast, studies using a “consistent mapping
design” in which the search template occupies very little space
in WM, did find attentional capture by MIs (Soto et al., 2005,
2007; Olivers, 2009). This suggests that the presence of the
search template affects the state of accessory MIs. Future stud-
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ies could further explore the neural effects of this apparent
interaction.
In conclusion, our data suggest a subdivision in WM be-
tween task-relevant and task-irrelevant content. Task-relevant
items in WM enhance activity of visual neurons processing
corresponding input, whereas currently irrelevant MIs exert
an opposite influence. Consequently, only input matching
task-relevant MIs is selected for further processing, whereas
objects matching accessory WM content do not capture atten-
tion. This dual mechanism might aid our ability to focus on
relevant information while simultaneously ignoring distract-
ing input, even when faced with stimuli matching items we
deliberately hold on-line for later use.
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